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Highlights 
 
 • Bimetallic Au@Pt nanoparticles as core-shell structures demonstrate the enhanced catalytic 
performance for glucose oxidation. 
 • Nafion layer and dendritic Pt shells prevent passivation of the Au core and additional Au 
plating further enhances catalytic performance. 
 • Rationally designed Au-decorated Au@Pt NPs show enhanced sensitivity, stability, and 
selectivity towards glucose detection. 
 
Abstract 
Core-shell structured Au@Pt nanoparticles (NPs) with Au cores and dendritic Pt shells 
have been synthesized using the sonochemical method. Then, the Au is electrochemically 
incorporated into nano-channels between the Pt shells on the Au@Pt NPs (Au@Pt/Au NPs) to 
form a non-enzymatic glucose sensor. The electrochemically active surface area (ECSA) of the 
obtained Au@Pt/Au NPs is enlarged compared with that of Au@Pt NPs, which leads to 
enhanced glucose sensing performance. The particle sizes of Au@Pt/Au NPs are in the range 
from 35 nm to 60 nm. The ECSA of Au@Pt/Au NPs is calculated to be 6.19 m2 g(Pt)
-1 and 0.8 
m2 g(Au)
-1 by cyclic voltammetry. The Au incorporation into the Pt shell region can boost the 
glucose oxidation process even at neutral pH. The sensor performance under the optimized 
experimental conditions has been confirmed in phosphate buffered saline (PBSsal) solution, 
showing two wide dynamic ranges for glucose (0.5 - 10.0 µM and 0.01 - 10.0 mM) with the 
correlation coefficient of 0.99. The detection limit of glucose in PBS saline solution has been 
determined to be 445.7 (± 10.3) nM. 
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Introduction 
 
Many kinds of catalytic materials have contributed to advanced technologies in many 
industrial and medical fields, which have received much attention due to their importance for 
human life [1]. Of these, metals and metal oxides (e.g. Pt, Au, Zn, Cu, Ni, CuO, TiO2, and 
NiO2) are especially crucial to catalyse heterogeneous electrocatalytic reactions for various 
redox compounds, where they have been used to promote the electrochemical reactions related 
to energy conversion devices and electrochemical sensors [2,3]. Pt and Au nanoparticles (NPs) 
in particular have been more widely studied as electrocatalysts for fuel cells [4] and for the 
oxidation of some biologically important organic molecules, such as glucose, ascorbic acid, 
and dopamine [5-9]. They have potential applicability as electrochemical sensor materials as 
well. Among the organic molecules, glucose is one of the most important target species, 
because it is closely related to human life and diseases, especially diabetes mellitus.  
Diabetes mellitus is one of the foremost human diseases, since around 400 million people 
worldwide have diabetes related diseases, such as heart disease, kidney failure, and blindness 
[10-13]. Hence, the precise monitoring of blood glucose and its management are clinically 
important. In particular, it is essential to monitor the patient’s glucose level in a timely manner 
using a robust portable sensor device. To detect glucose, various techniques have been 
reported, such as chemiluminescence [14], electrochemiluminescence [15], and 
electrochemical sensors [16]. Among them, electrochemical sensor devices are currently the 
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best choice. They include enzymatic and non-enzymatic types, and the enzymatic method has 
been the most widely used since it was first reported in 1962 [17]. Their accuracy is somewhat 
constrained, however, because the enzyme activity is dependent on temperature, humidity, and 
interference. For this reason, the non-enzymatic method has attracted considerable attention in 
recent years because of its low cost, rapid response, and exceptional sensitivity [18,19]. The 
sensing electrodes based on these materials, however, still have drawbacks such as poor 
stability, easy loss of activity, and surface poisoning from the adsorbed intermediates, 
especially at neutral pH. To overcome these disadvantages, it is most important to explore or 
synthesize alternative new sensor probe materials.  
Glucose sensors using nanoparticles have also been reported recently [20-23]. Many studies 
of sensing materials have demonstrated that the synergistic effects of bimetal or metal 
composites with other materials [24-28] can lead to improved sensing performance. 
Nonetheless, the glucose sensors using these materials are slowed down in practice because 
they mostly operate at basic pH values (limiting usage for in vivo and in vitro analysis). As a 
result, glucose detection at physiological pH is one of goals for the development of non-
enzymatic sensors as well as the synthesis of a superior electrocatalytic material. Among the 
most efficient materials for this purpose are nanoporous metal particles, since 
nanoarchitectured porous materials have the advantages of unique shapes and properties, 
including large pore volume, high surface area, and well-controlled pores [28]. There are 
several methods that can be used to obtain porous materials, such as soft-templating and hard-
templating [28]. Among the various porous materials, nanoporous Pt has aroused interest for 
various sensing applications because of its catalytic characteristic and huge number of pores.  
Au is widely used as electrode materials for glucose sensors [29,30]. These still have some 
limitations, however, due to passivation by oxidation products or the reaction with chloride 
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ions in neutral solutions, resulting in a poor response to glucose oxidation. One of possible 
ways to reduce this is to synthesize bimetal NPs combining synergetic properties. Hence, some 
studies have been reported on bimetallic alloys or composites revealing synergistic effects 
[31,32], which can achieve improved sensing performance. The bimetallic NPs feature fast 
electrochemical oxidation and a unique synergistic contribution, which enhance conductivity 
and accelerate electron transfer. Thus, we expected an increased catalytically active area 
through the formation of a new morphology of nanoporous Au-Pt bimetallic NPs, in which 
abundant nano-channels are formed by the Pt shell layers on the Au cores. Additional Au 
deposition inside the nano-channels of Pt shells can further raise expectations of much 
improved catalytic activity, resulting in enhanced sensitivity towards glucose detection even in 
a chloride containing sample solution. Therefore, we studied Au nanoparticle-doped Pt nano-
channels formed on Au NPs. 
In the present work, as a proof-of-concept, we have synthesized Au@Pt core-shell NPs 
with different ratios of the constituents by previously reported methods [33]. In addition, small 
amounts of Au particles were deposited onto the surface of Au@Pt core-shell NPs. To 
characterize the Au@Pt/Au bimetallic NPs, transmission electron microscopy (TEM) and X-
ray diffraction (XRD) were employed. The sensor performance of the obtained Au@Pt/Au 
modified electrode was examined by cyclic voltammetry (CV) and amperometry. We also 
conducted optimization of the analytical parameters for glucose detection, the interference 
effects of foreign species, and real sample analysis. 
Experimental  
Reagents and materials: Potassium tetrachloroplatinate(II) (K2PtCl4, 98%), gold(III) chloride 
trihydrate (HAuCl4·3H2O, ≥ 99.9% trace metals basis), polyethylene glycol hexadecyl ether 
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(Brij 58®, HO(CH2CH2O)20C16H33), D-(+)-glucose, uric acid (UA), acetaminophen (AP), 
dopamine (DA), ascorbic acid (AA), sodium chloride, and Nafion® (NF), were purchased from 
Sigma-Aldrich Co. (USA). A 0.1 M phosphate buffer solution (PBS) was prepared using 0.1 
M sodium dihydrogen phosphate and 0.1 M disodium hydrogen phosphate (Sigma-Aldrich Co. 
USA), and the 0.1M PBS saline (PBSsal) solution was prepared by adding 0.1 M NaCl. All 
aqueous solutions were prepared in doubly distilled water, which was obtained from a Milli-Q 
water-purifying system (18 MΩ cm). 
Preparation of core-shell Au@Pt NPs: K2PtCl4 (20 mM) and HAuCl4 (20mM) were prepared 
as stock solutions. Three different ratios (3:7, 5:5, 7:3) of Au to Pt content were prepared for a 
final volume of 5 ml for the mixed solution. The solution was mixed with Brij 58® (0.05 g) in 
a vial, and 5.0 mL of AA solution (0.1 M) was added and mixed in. We used the optimized 
Brij and AA concentrations reported in previous works [33,34]. This solution was reacted at 
room temperature for 1 hour with ultrasonication (220-240 V, 50-60 Hz). The precipitates were 
collected by centrifugation and washed several times with deionized (DI) water and ethanol to 
remove the surfactant and excess reactants. 
Preparation of Au@Pt/Au NPs: 4 µL of the above-prepared Au@Pt NPs solution (1 mg ml-
1) was dropped onto an AuNPs modified screen-printed carbon electrode (SPCE), and it was 
dried at 40 °C. The Au@Pt NPs modified electrode was dipped in the Au plating solution 
containing citric acid, ethylenediamine tetraacetic acid (EDTA), and KAu(CN)2. Au was 
incorporated into the porous Pt channels of the Au@Pt electrode using a potential step method. 
The potential of - 1.0 V was applied over 10 s. For the pre-activation, cyclic voltammograms 
(CVs) were recorded for the modified electrode in the range of - 0.6 V to + 1.2 V (vs. Ag/AgCl) 
at the scan rate of 0.1 V s−1 in a 0.5 M sulfuric acid (H2SO4) solution. (Figure S1 in the 
Supporting Information).  
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Analytical procedure: The analysis of glucose using the proposed sensor probe was 
performed in 0.1 M PBS and PBSsal (pH 7.4) solutions and whole blood samples (five 
volunteers). The quantitative analysis of glucose in 0.1 M PBS and PBSsal (pH 7.4) solutions 
and whole blood samples was based on the oxidation current response of glucose. A 
chronoamperometric experiment was carried out at applied potential of + 0.10 V and + 0.35 V 
(vs. Ag/AgCl) with various glucose concentrations (0.5 µM - 10.0 mM) in 0.1 M PBS and 
PBSsal (pH 7.4) solutions. For human whole blood samples, the blood was diluted five times 
with a 0.1 M PBSsal (pH 7.4) solution to minimize the matrix effects. The amperometric 
responses were then recorded under the optimized experimental conditions. 
Instruments: The screen-printed carbon electrodes (SPCEs) were used carbon, Ag/AgCl, and 
carbon as the working, reference, and counter electrodes, respectively. A solid-state Ag/AgCl 
reference electrode was prepared according to a previous report [35]. The electrodes were 
printed on a polystyrene-based film with carbon and silver inks (Jujo Chemical, Japan) 
employing a screen printer (Bando Industrial, Korea). Amperograms and cyclic 
voltammograms (CVs) were recorded using a potentiostat/galvanostat, a Kosentech Model PT-
1 and an EG & G PAR Model PAR 273A, respectively. The morphology and structure of the 
Au@Pt and Au@Pt/Au NPs were observed using transmission electron microscopy (TEM; H-
7600 (HITACHI) and JEOL-2100, Japan), and energy-filtering TEM (EFTEM; Carl Zeiss, 
microscope operated at 120 kV) for high-resolution studies. The atomic ratios of the porous 
structured NPs and elemental mapping were evaluated by energy dispersive X-ray 
spectroscopy (EDX). Wide-angle powder XRD patterns were obtained with a GBC MMA 
XRD at a scan rate of 2° min-1. A quartz crystal microbalance (QCM) experiment was 
conducted using a SEIKO EG&G model QCA 917 and a PAR Model 263A 
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potentiostat/galvanostat. The QCM experiment was conducted using an Au-coated working 
electrode (area: 0.196 cm2; 9 MHz; AT-cut quartz crystal). 
    Results and discussion 
As shown in Scheme 1, Au@Pt/Au NPs were prepared in two steps using the sonochemical 
and electrodeposition methods. At the first step, core-shell Au@Pt NPs were synthesized using 
the sonochemical method. Ascorbic acid was used as a reducing agent to obtain bimetal NPs 
from the two precursors, K2PtCl4 and HAuCl4, which have different reduction potentials. Since 
the reduction potential of AuCl4
- (Eo = + 1.0 V) is higher than that of PtCl4
2- (Eo = + 0.73 V), 
the nucleation of Au ions is faster and easier than that of Pt ions. Due to this, the reduction of 
Au ions preferentially forms Au cores as seeds in a short time, and then, Pt nanoparticles grow 
onto the Au core seeds. Brij plays an important role as a structure-directing agent for the 
formation of the nanomaterials with AA [33,34]. In the second step, additional Au NPs were 
incorporated into the porous Pt shells of the Au@Pt NPs using the potential step method. Here, 
both Au@Pt and Au@Pt/Au NPs were characterized in terms of their nanostructures and 
catalytic activity towards glucose oxidation. 
At first, to determine the optimum content ratio of Au to Pt, the oxidation peak current of 
glucose was observed by CV in a 0.1 M PBS (pH 7.4) solution containing 10 mM glucose (pH 
7.4). Figure S2 shows the CVs recorded for glucose oxidation according to the content ratio of 
Au to Pt in Au@Pt. During the anodic scan from - 0.8 to + 0.8 V, the glucose oxidation peak 
appeared at - 0.09 V. The peak currents for each Au to Pt ratio (3:7, 5:5, 7:3) were 3.24, 4.12, 
and 5.33 μA, respectively. As the content of Au increased, the glucose oxidation peak current 
also increased. Accordingly, we selected the ratio of Au to Pt of 7:3 as the best performer and 
used it for the subsequent experiments. 
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To further investigate the characteristics of the particles, the shape, size, and crystalline 
structure of Au@Pt and Au@Pt/Au NPs were studied by TEM, as can be seen in Figure 1. The 
growth of a dendritic porous Pt layer on Au core was confirmed by the TEM images. The Pt 
nanoparticle layer consisted of 2-4 nm particles. From the TEM images of Au@Pt NPs, it is 
clear that the Au core particles are surrounded by the dendritic Pt shells, which is evidence of 
core-shell NPs. The selected area electron diffraction (SAED) patterns of Au@Pt and 
Au@Pt/Au NPs confirmed the face-centred-cubic (fcc) crystal structure of metals, with the 
concentric rings arising from the (111), (200), (220), and (222) planes (insets of Figure 1a and 
1d). The diameters of the obtained Au@Pt (Figure 1a and 1b) and Au@Pt/Au NPs (Figure 1d 
and 1e) were in the range from 35 to 60 nm. There was no big change in the particle size after 
Au incorporation, indicating the formation of very tiny Au layers on the Au core (Figure 1c 
and 1f). For better understanding, elemental mapping and line scanning were performed on the 
Au@Pt and Au@Pt/Au NPs (Figure 2). The elemental mapping of the Au@Pt NPs indicated 
that most of the Au content was concentrated in the particle centre, whereas Pt was located on 
the outer edge of the Au particle. This is also supported by the line scans of Au@Pt NPs (Figure 
2a). Figure 2b shows the elemental mapping and line scans of Au@Pt/Au NPs. The elemental 
mapping results for Au@Pt/Au NPs indicated that the Au elemental distribution had grown 
compared to the Au@Pt result. Complementary mapping images of Au deposited onto the 
Au@Pt NPs were also performed. As can be seen in Figures 2 and S3, the shell thickness of Pt 
arms is almost the same for the two samples. After additional Au is deposited, however, the 
signal of Au element is observed from the outer shell. This data provides evidence that 
additional Au deposition was successfully achieved inside the Pt shell region. The crystalline 
structures and degrees of crystallinity of Au@Pt and Au@Pt/Au NPs were further investigated 
by wide-angle XRD measurements (Figure 3). For reference, Pt NPs were also measured. The 
pattern of the Pt NPs shows several peaks from the (111), (200), (220), (311), and (222) planes, 
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which are indexed to face-centred cubic (fcc) Pt. In contrast, the patterns of the Au@Pt and 
Au@Pt/Au NPs indicate the presence of both Au and Pt crystals with fcc structures. After 
additional Au deposition, the Au peak intensities relative to the Pt peak intensities are slightly 
stronger. 
To determine the electrochemically active surface areas (ECSAs), CVs were obtained for 
Pt (dashed line), Au@Pt (dotted line), and Au@Pt/Au (solid line) NPs on AuNPs treated on 
screen-printed carbon electrode (SPCE). In this case, the CVs were recorded in 0.5 M sulfuric 
acid (H2SO4) solution from -0.6 V to +1.2 V at a scan rate of 0.1 V s
-1 (Figure 4a). A pair of 
redox peaks representing the adsorption of H atoms was observed between - 0.6 V and - 0.2 V. 
Otherwise, the anodic peaks of Au were observed at + 0.06 V and + 0.98 V, respectively, which 
correspond to the formation of Au(OH)3 and Au2O3 from Au. Pt was oxidized to PtO2 at + 0.44 
V during the anodic scan. In the reverse cathodic scan, the reduction peaks of Au2O3 and PtO2 
formed during the anodic scan were observed at + 0.59 V and + 0.09 V, respectively. To 
calculate the ECSA of Au@Pt/Au, quartz crystal microbalance (QCM) analysis was conducted 
to determine the amount of Au NPs incorporated on the Au@Pt NPs-modified electrode over 
10 s based on the frequency change (Δf), as shown in Figure S4 in the Supporting Information. 
During incorporation of Au NPs on the Au@Pt, the frequency gradually decreased. In this case, 
the overall Δf was 37.0 Hz, which corresponded to a mass change (Δm) of 20.2 ng according 
to a previously reported equation [36]. The ECSAs of the Pt, Au@Pt, and Au@Pt/Au NPs were 
compared, as shown in Figure 4b. The Au@Pt nanoparticles deposited on the electrode are 
very attractive for glucose oxidation. For better sensor performance, additional Au NPs were 
deposited on spaces between the outer Pt arms to further increase the density of catalytic sites 
(Au@Pt/Au). The ECSA in the H atom-adsorption area of Pt is 3.44 m2 g(Pt)
-1, while the values 
for Au@Pt and Au@Pt/Au are 7.01 and 6.19 m2 g(pt)
-1, respectively. The ECSAs of Au@Pt and 
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Au@Pt/Au are larger than for Pt, and the results for the Au@Pt and Au@Pt/Au NPs give higher 
hydrogen adsorption/desorption currents compared to the Pt. Therefore, the formation of the 
heterogeneous structure provides a large active surface area. The ECSAs of Au in Au@Pt and 
Au@Pt/Au NPs are 0.28 and 0.8 m2 g(Au)
-1, respectively. This result reveals that the active 
surface area of Au is increased by 2.85 times via a small amount of Au deposition. This means 
that Au ions were successfully deposited on spaces between the outer Pt arms. It was expected 
that the sensor performance would be improved. 
In addition, to confirm the electrochemical surface charges of each modified layer, the CVs 
were recorded in a 4 mM potassium ferricyanide(III) (K3[Fe(CN)6]) solution between - 0.5 V 
and + 0.6 V (Figure 5a) and in a 4 mM hexaammineruthenium(III) chloride (Ru(NH3)6Cl3) 
solution between + 0.1 and - 0.7 V (Figure 5b). In both cases, the CVs were recorded for bare 
SPCE, and for Au@Pt/AuNPs, Au@Pt/Au/AuNPs, and Nafion/Au@Pt/Au/AuNPs layers on 
SPCE at a scan rate 0.1 V s-1. The redox current of the Au@Pt modified electrode (red dotted 
line) increased in both ferricyanide and ruthenium solutions compared to the bare layer. 
Although the current values for the Au@Pt electrode increased compared to the bare SPCE, 
this was due to the increase in active sites on electrode surfaces. This increase in current values 
is not related to the reactions of the negative and/or positive charges because the Pt layer is 
highly porous. The CV shows that the redox peak current of Au@Pt/Au (blue dash-dotted line) 
slightly decreases in ferricyanide solution, while the redox peak current slightly increases in 
the solution containing positively charged ruthenium ions. This means that Au@Pt/Au has 
more negative charges compared to Au@Pt. This phenomenon became more obvious when 0.5 
% Nafion® film was used as the protective layer, because the polymer film has negative 
charges.  
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To evaluate the electrochemical properties of the proposed sensor, various control 
experiments were carried out. At first, CVs were recorded for (a) Au@Pt/Au/AuNPs (dash-
dotted-dotted line) (Blank), (b) AuNPs (dash line) (c) Pt/AuNPs (dotted line), (d) 
Au@Pt/AuNPs (dash-dotted line), and (e) Au@Pt/Au/AuNPs (solid line) in 0.1 M PBS (pH 
7.4) containing (a) without and (b-e) with 10 mM glucose from - 0.8 V to + 0.8 V, as shown in 
Figure 6. The CV curves showed a glucose oxidation peak at - 0.09 V. For the CV of 
AuNPs/SPCE, the signal is negligible with respect to the glucose oxidation. The purpose of 
using AuNPs modified SPCE is to enhance the electrical conductivity of the carbon electrode.  
Glucose oxidation currents of all the materials (Pt, Au@Pt, and Au@Pt/Au) were measured as 
ΔI: 2.13 μA, ΔI: 5.30 μA, and ΔI: 13.66 μA, respectively. The highest response for glucose 
oxidation was observed for the Au@Pt/Au NPs modified electrode, because Au NPs were 
incorporated into the nano-channels between the Pt particle layer and the Au core, which 
enhanced the active surface area. The inset in Figure 6 shows the glucose oxidation peak for 
Au@Pt/Au recorded in 0.1 M PBS (pH 7.4) solution containing various concentrations of 
glucose (0.1 - 10.0 mM). As the glucose concentration (0.1 - 10.0 mM) increases, the glucose 
oxidation current increases at - 0.09 V. Furthermore, to demonstrate the electrode performance 
of each material, the chronoamperometric responses of the Pt (black line), Au@Pt (red line), 
and Au@Pt/Au (blue line) modified electrodes were recorded in a 0.1 M PBS (pH 7.4) solution 
containing glucose (Figure S5a). There was a linear relationship between the glucose 
concentration (from 0.1 to 100 mM) and the response current (the potential applied at + 0.1 V). 
In addition, the calibration plots showed that the sensitivity of the Au@Pt and Au@Pt/Au 
modified electrodes (slope = 0.3654 and 0.5755 µA mM-1) (red and blue) was 1.6 and 2.7 times 
higher, respectively, compared to the Pt modified electrode (slope = 0.2205 µA mM-1) (black) 
(Figure S5b). This result indicates that the glucose oxidation on the Au@Pt/Au electrode was 
the best in 0.1 M PBS (pH 7.4) solution. Figure S5c shows the amperometric response of the 
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Au@Pt/Au modified electrode depending on the glucose concentration. The glucose oxidation 
current increased (applied potential at + 0.1 V) as the concentration of glucose (from 0.5 µM 
to 10.0 mM) increased. The calibration plot with two slopes displays the dynamic ranges of 0.5 
- 10.0 µM and 0.01 - 10.0 mM of glucose with respective correlation coefficients of 0.99 
(Figure S5d). The linear regression equations for the peak currents in these ranges are ΔIp (μA) 
= 4.79066 (± 0.20627) + 0.05423 (± 0.00085) [C] (mM) and ΔIp (μA) = 0.6081 (± 0.01766) + 
0.1101 (± 0.0039) [C] (mM), respectively. The detection limit (DL) of glucose was based on 
five measurements for the standard deviation of the blank noise (95% confidence level, signal 
to noise ratio, k = 3). The DL was assessed by linear regression of the calibration curve applying 
the following equation DL= 3 σ/m where σ is the standard deviation of the intercept and m is 
the slope and was determined to be 136.5 (± 8.4) nM.  
Au-based non-enzymatic glucose sensors have a major problem, however, with decreasing 
surface activity in solutions with neutral pH and in the presence of chloride ions. The chloride 
ions react with the gold surface, which greatly decreases the Au active sites. As a result, the 
glucose response is significantly decreased [37,38]. To avoid this phenomenon, the bimetallic 
core-shell structure and a Nafion layer were selected to prevent passivation of Au core. The 
selectivity and sensitivity of the proposed method was due to the synergistic catalytic effect of 
Au core and Pt shell. In addition, Au core was employed as highly active catalytic material 
toward glucose oxidation whereas Pt shell was used to produce nano-channel to decrease the 
interference effect by various molecules specially, chloride ions. The electrodeposited AuNPs 
were penetrated into the nano-channel of Pt shell, which increased the active surface of Au 
core, ultimately enhanced the sensitivity of the sensor. Glucose responses were monitored in 
0.1 M PBS and 0.1 M PBSsal (pH 7.4) solutions, respectively (Figure S6). In addition, the 
Nafion layer was intended to protect the surface and avoid the interference effect from foreign 
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species which may have similar oxidation potentials, such as ascorbic acid, acetaminophen, 
uric acid, and dopamine. To confirm the condition of the surface, SEM images were collected 
of the electrode surface before and after Nafion coating (Figure S7). The image after the Nafion 
coating layer was applied reveals a murky state (Figure S7c, d), while the surface before the 
Nafion coating shows a clear image (Figure S7a, b). This indicates that the Nafion layer was 
successfully coated on the Au@Pt/Au electrode surface. 
In another control experiment, chronoamperometry was performed to investigate the 
analytical performance of the proposed method. Amperograms were recorded in the 0.1 M 
PBSsal (pH 7.4) solution, and the applied potential was positively shifted from + 0.10 V to + 
0.35 V, due to the increase of chloride anion concentration, which was responsible for a shift 
in the reference electrode potential. Thus, the applied potential of + 0.35 V was used. As a 
result, each modified electrode maintained its sensitivity towards glucose in 0.1 M PBSsal 
compared to 0.1 M PBS (pH 7.4) solution: AuNPs/SPCE (no response), PtNPs/AuNPs/SPCE 
(59%), Au@Pt/AuNPs/SPCE (67%), Au@Pt/Au/AuNPs/SPCE (73%), and 
Nafion/Au@Pt/Au/AuNPs/SPCE (87%), respectively. Therefore, further experiments used the 
Nafion/Au@Pt/Au modified electrode in the 0.1 M PBSsal (pH 7.4) solution.  
The experimental parameters for glucose analysis using the Nafion coated electrodes 
(Nafion/Au@Pt/Au/AuNPs/SPCE) were optimized in terms of the amount of drop-coated 
Au@Pt, the applied potential, the temperature, and the pH (Figure S8). The effect of the amount 
of drop-coated Au@Pt on the response, which is an important factor in determining the 
electrode surface thickness, was investigated from 1.0 to 10.0 µL (Figure S8a). The response 
current increased as the amount of drop-coated Au@Pt increased from 1.0 to 4.0 µL, and a 
steady response was obtained over 4.0 µL Au@Pt. Therefore, 4.0 µL Au@Pt was used for 
subsequent experiments. The current response for glucose oxidation on Nafion/Au@Pt/Au was 
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studied according to the applied potential in the range from + 0.15 to + 0.45 V (Figure S8b). 
As the glucose oxidation potential increased from + 0.15 V, the response current increased, and 
then the maximum response was observed at + 0.35 V, which facilitated glucose oxidation. 
When the applied potential was increased to over + 0.40 V, however, the response current was 
somewhat affected by overlapping with the Au oxidation peak itself. Hence, + 0.35 V was 
chosen as the optimized applied potential. Temperature was controlled between 10 - 60 °C, and 
the signal was found to be at a maximum at 35 °C, and it then decreased over 40 °C due to the 
instability of the sensor surface over 40 °C (Figure S8c). Although the maximum response was 
observed at 35 °C, we selected 25°C as the measurement temperature, because real samples are 
usually measured at room temperature. The effect of pH on the current response was 
investigated between pH 5.5 and 8.0 (Figure S8d), where the response gradually increased as 
the pH increased from 5.5 to 7.4. The maximum response was obtained at pH 7.4, which is the 
physiological pH of blood. Hence, 4.0 µL electrode material, + 0.35 V, 25 °C, and pH 7.4 were 
chosen as the optimized measurement conditions. All optimizing experiments were conducted 
in a 0.1 M PBSsal (pH 7.4) solution containing 0.1 mM glucose.  
Under the optimized experimental conditions, the amperometric response to the glucose 
concentration was recorded using the Nafion/Au@Pt/Au modified electrode in the 0.1 M PBSsal 
(pH 7.4) solution. The glucose oxidation current increased (applied potential at + 0.35 V) as 
the concentration of glucose (from 0.5 µM to 10.0 mM) increased (Figure 7a). Two dynamic 
ranges of the calibration plot were observed from 0.5.-10.0 µM and from 0.01 to 10.0 mM, 
with respective correlation coefficients of 0.99. The linear regression equations are ΔIp (μA) = 
8.27816 (± 0.28788) + 0.01649 (± 0.00101) [C] (mM) and ΔIp (μA) = 0.43452 (± 0.01525) + 
0.0986 (± 0.00746) [C] (mM), respectively. The detection limit (DL) of glucose was 
determined to be 445.7 (± 10.3) nM (Figure 7b) in PBSsal. Table S1 shows a comparison of our 
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performance with other Pt/Au samples in the previous literature [31,39,40]. Comparted to other 
electrode materials, our materials have more sensitivity and detection limit. In addition, our 
electrode confirmed that real sample experiment data obtained using human whole blood. 
Interestingly, our sensor probe displayed two dynamic ranges. This is most likely due to the 
different kinetic processes of glucose oxidation at low and high concentrations. The former is 
due to adsorptive modes, while the latter is by a diffusion controlled process [41,42]. Figure 7c 
shows the interference effects of ascorbic acid (AA, 0.1 mM), acetaminophen (AP, 0.1 mM), 
uric acid (UA 0.1 mM), and dopamine (DA, 0.1 mM) on the glucose (1.0 mM) oxidation 
current when using the Nafion/Au@Pt/Au modified electrode. The interference effect of each 
species was 2.4 % for AA, 2.6 % for AP, 2.7 % for UA, and 2.9 % for DA. Figure 7d shows 
the long term stability result obtained for the response current according to the storage time in 
PBSsal (pH 7.4) solution. After 27 days of measurement, it was maintained at 94.3% compared 
to the result for the first day, and therefore, it can be used for a long time. 
To investigate the reliability of the sensor probe, it was applied to detect glucose levels in 
finger pricked human whole blood samples obtained from five volunteers (n = 5). At first, 10 
μL of capillary blood was collected and diluted 5 times with 0.1 M PBSsal (pH 7.4) solution 
and loaded onto the Nafion/Au@Pt/Au probe. In this case, the result yielded a regression 
equation of ΔIp (μA) = 8.27816 (± 0.28788) + 0.01649 (± 0.00101) and ΔIp (μA) = 0.43452 (± 
0.01525) + 0.0986 (± 0.00746) [mM] with a correlation coefficient of 0.99 using five different 
sensors. Using the above regression equation, the glucose concentrations in the human blood 
sample were determined. The sensor performance was compared with a commercial glucose 
meter (One Touch ultra™, Lifescan Inc.). The proposed sensor showed good agreement with 
the commercial glucose meter as summarized in Table 1. The experimental results were 
evaluated using a paired t-test, where the calculated tcal value of 0.32 was less than the critical 
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tcri value of 1.94 at a 95% confidence level. This demonstrates that the proposed sensor is 
reliable for the detection of glucose in finger-pricked human whole blood. 
  Conclusions 
We synthesized core-shell Au@Pt NPs using the sonochemical method. Additional Au 
content was incorporated inside nano-channels of the dendritic porous Pt shell by using a 
potential step method. We successfully synthesized Pt/Au bimetallic shells in core-shell 
structured NPs and demonstrated the enhanced catalytic performance of these materials 
towards glucose oxidation. The Au@Pt/Au NPs with more abundant active sites showed 
improved sensitivity, stability, and selectivity towards glucose detection even at neutral pH due 
to the synergistic effects of combining Au and Pt. The sensor yielded a calibration plot in two 
dynamic ranges between 0.5 - 10.0 µM and 0.01 - 10.0 mM of glucose with respective 
correlation coefficients of 0.99. The detection limit (DL) of glucose in PBSsal (pH 7.4) solution 
was determined to be 445.7 (±10.3) nM. Our electrode displays comparable results to a 
commercially available glucose meter. Thus, this study promises great potential for non-
enzymatic glucose sensors. 
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Figure Captions 
 
Scheme 1. Schematic illustration of the synthesis of Au@Pt/Au NPs. 
Figure 1. Morphologies of Au@Pt and Au@Pt/Au NPs: (a),(b) TEM images of Au@Pt (inset 
in (a): corresponding SAED pattern); (c) schematic illustration of Au@Pt NPs; (d),(e) TEM 
images of Au@Pt/Au (inset in (d): corresponding SAED pattern); (f) schematic illustration of 
Au@Pt/Au NPs. 
Figure 2. (a) High-angle annular dark-field scanning transmission electron microscope 
(HAADF-STEM) image, corresponding elemental mapping, and line scans of Au@Pt NPs, (b) 
HAADF-STEM image, elemental mapping, and line scans of Au@Pt/Au NPs. 
Figure 3. Wide-angle XRD spectra of the (i) Pt, (ii) Au@Pt, and (iii) Au@Pt/Au NPs. 
Figure 4. (A) CVs of the Pt (dotted line), Au@Pt (dashed line), and Au@Pt/Au NPs (solid 
line), and (B) ECSAs of Au@Pt and Au@Pt/Au in 0.5 M H2SO4 (scan rate:100 mV s
-1). 
Figure 5. CVs obtained in solutions containing (a) 4.0 mM [Fe(CN)6]
3- and (b) 4.0 mM 
[Ru(NH3)6]Cl3 using bare SPCE (black dashed line), Au@Pt/AuNPs (red dotted line), 
Au@Pt/Au/AuNPs (blue dash-dotted line), and Nafion/Au@Pt/Au/AuNPs/SPCE (green solid 
line), all on SPCE. 
Figure 6. CVs recoded for (a) Au@Pt/Au/AuNPs (dash-dotted-dotted line) (blank), (b) AuNPs 
(dash line), (c) Pt/AuNPs (dotted line), (d) Au@Pt/AuNPs (dash-dotted line), and (e) 
Au@Pt/Au/AuNPs (solid line), where (a) without and (b-e) with 10 mM glucose in 0.1 M PBS 
(pH 7.4) at a scan rate of 100 mVs-1. Linear sweep voltammograms (LSVs) recorded for 
Au@Pt/Au/AuNPs in 0.1 M PBS (pH 7.4) containing 0.1 - 10.0 mM glucose. 
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Figure 7. (a) Amperometric response to a wide range of glucose concentrations in 0.1 M PBSsal 
(pH 7.4) and (b) corresponding calibration plot of Nafion/Au@Pt/Au modified electrode 
(applied potential: + 0.35 V (Ag/AgCl)). (c) Amperometric response for the interference effects 
of other bio-compounds on the sensor probe. (d) 27-day stability test, where the electrode was 
stored at room temperature in the dry state when not in use; test conditions: 0.1 M PBSsal (pH 
7.4) containing 1.0 mM glucose. 
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Table 1. Comparison of the results obtained in the determination of the glucose concentration 
of whole blood samples by the proposed sensor and a comparable sensor system. 
 Glucose concentration (mM) 
Samples 
Proposed 
method 
Mean 
(SD) 
Commercial  
Sensor 
Mean 
(SD) 
No. 1 
7.55 
6.92 
(±0.71) 
7.27 
6.70 
(±0.56) 
7.05 6.66 
6.16 6.16 
No. 2 
5.83 
5.81 
(±0.39) 
5.61 
5.70 
(±0.37) 
6.18 6.11 
5.41 5.38 
No. 3 
5.76 
5.49 
(±0.30) 
5.99 
5.43 
(±0.58) 
5.16 4.88 
5.55 5.16 
No. 4 
6.33 
5.93 
(±0.62) 
5.99 
5.82 
(±0.29) 
6.25 5.99 
5.22 5.49 
No. 5 
5.22 
5.28 
(±0.36) 
5.33 
5.40 
(±0.18) 
5.07 5.27 
5.56 5.60 
*Commercial Sensor (One Touch ultra™, Lifescan Inc.) SD: standard deviation. 
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